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We have tested the hypothesis that electron transfer from the reaction center (RC) to the quinone pool occurs through 
the release of the doubly reduced secondary quinone Qa. Doubly reduced Qe was formed in RCs containing Qt0 
(ubiquinone-50) in the QB site in the presence of a pool consisting of Q0 (2,3-dimethoxy-5-methyl-l,4-benzoquinone). 
Subsequent measurement of the charge recombination kinetics (D + QAQB -)  DQAQa) showed a rate characteristic of 
RCs containing Q0 in the QB site. This proves that the doubly reduced Qs  left the RC and was replaced with a quinone 
from the pool. 

The primary photochemistry in bacterial reaction 
centers (RCs) involves the light-induced electron trans- 
fer from a primary electron donor D (bacteriochloro- 
phyll dimer) through intermediate (CA, bacteriopheo- 
phytin) and primary (QA, ubiquinone-50 (Q10)) electron 
acceptors to the secondary acceptor quinone QB (Q10) 
(reviewed in Ref. 1). In the presence of an exogenous 
donor (i.e., cytochrome c22+), the absorption of two 
photons leads to the formation of DQAQ 2-, which 
protonates, forming DQAQBH 2. These are the initial 
steps in a series of reactions leading to the chemi- 
osmotic gradient that drives ATP synthesis (reviewed in 
Ref. 2). In this work, we focus on the subsequent step, 
in which electrons and concomitantly protons are trans- 
ferred from DQAQBH 2 in the RC to the quinone (Q10) 
pool. A preliminary account of this work has been 
presented [3]. 

The electron and proton transfer to the quinone pool 
is believed to occur through the release of the quinol 
QBH2 from the RC. However, there is no direct experi- 
mental evidence of this release. Supporting evidence is 
provided by the observation that double reduction of 

Abbreviations: D, primary donor; QA, primary acceptor; QB, sec- 
ondary acceptor; PC, reaction center; Q0, 2,3-dimethoxy-5-metliyl- 
1,4-benzoquinone; Q10, ubiquinone-50; LDAO, lanryldimethylamine 
N-oxide; Pipes, 1,4-piperazinediethanesulfonic acid. 
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QB facilitates its removal from the RC [4]. Similar 
conclusions were reached by Wraight [5] and Diner et 
al. [6], who found that the order of binding strengths is 
QB > QB > QBH2 • Additional support is provided by 
studies on herbicides such as or tho-phenanthrol ine  which 
work by competing with QB for the binding site [4,6]. 
However, an alternative mechanism proposed earlier 
[7,8], in which 2 electrons are transferred from QB to an 
exogenous quinone, cannot be strictly ruled out by the 
published experimental evidence. 

We have investigated the problem of quinone ex- 
change by using for the pool a quinone, Q0 (2,3-di- 
methoxy-5-methyl-l,4-benzoquinone), that in the RC 
exhibits different charge recombination kinetics than 
the native quinone, Q10- Thus, the recombination kinet- 
ics provided an assay to determine whether Q10H2 had 
been exchanged with Q0. 

The method is illustrated in a simplified form * by 
Eqns. 1 and 2. 
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* See footnote, p. 290. 
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k°bS ( D+ QAQo ~ DQAQo) and a.Q10 (D + QAQ~ -'-" DQAQlo). (a) Change in absorbance Fig. 1. Determination of the charge recombination rates Q0 bobs 
at 865 nm (normalized) due to charge separation and recombination. In the upper trace the QB site was occupied by Q0 and in the lower trace by 
Qlo. Conditions: 5 mM Tris-HCl, 5 mM Pipes, 50 mM KCI, 0.025~ LDAO, pH 7.5, T=  23°; Upper trace: 2.0 #M RCs (0.8 Qlo/RC), 4/~M 
oxidized cytockrome c2, 100/~M Q0; Lower trace: 1.9/~M RCS (2 Qlo/RC), 4 ~tM oxidized cytochrome c2, 20/~M Qlo- (b) Semilog plots of data 
in (a) with slow phases amounting to 10-20% subtracted for simplicity. Dashed lines are fits to the majority phases of the kinetics which 

- k °bs k °bs (upper trace) (see Eqns. 3 and 4). corresponds to Qo (lower trace) and Q,o 

Initially the RC has the native quinone, Q10, in the QB 
site. A pool of exogenous Q0 is added together with 2 
reduced cytochrome c 2 per RC. After two laser flashes, 
the state DQ~,QxoH 2 is formed (Eqn. 1); in this process 
the two cytochromes are oxidized. 

The two possible mechanisms for electron and pro- 
ton delivery to the pool are illustrated by Eqns. 2a and 
2b. In the scheme represented by Eqn. 2a, QloH2 leaves 
the RC and is replaced by Q0. In the scheme shown by 
Eqn. 2b, Qlo remains in the QB site and the two 
electrons and two protons are taken up by Qo in the 
pool. A third laser flash produces a charge separation 
between D and QB. The charge recombination rate 

* Several details have been omitted in Eqns. 1 and 2. Although none 
of them affects the conclusions, they are important in understand- 
ing the results quantitatively and are, therefore, listed here: (i) After 
the first flash, DQ.7, Q10 is in equilibrium with DQAQi~; about 10% 
of the RCs are in the state DQ~ Qlo [9]. After the second flash they 
reequilibrate with DQAQ~ so that about 10% of the RCs are in the 
state D+QAQ2o after the third flash. (ii) In scheme 2a, Q0 is 
shown for simplicity to be bound prior to charge separation. In 
reality, Q0 is thought to bind after charge separation: D + QA +Qo 

D+ QA Qo ~ D+ QAQo. (iii) In RCs depleted of Qlo (e.g., after 
QloH2 leaves), Q0 at a concentration of 100 ?tM binds and forms 
D+ QAQo in only about 50% of the RCs. A higher concentration 
of Q0 would increase the bound fraction, but would also result in a 
slower k °bs [10]. The lower Q0 concentration (100/zM) was chosen Qo 
to maximize the difference between k ~  and k~b~ (discussed 
below). (iv) The reduction of D + by cytochrome c 2+ is not 
complete, because of the finite difference between the redox mid- 
point potentials of cytochrome c2+/cytoehrome c23+ and D / D  + 
(AE=IO0 mV). Almost complete (95%) reduction of D + was 
obtained by adding slightly more than 2 cytochrome c~ + per RC. 
The fraction (5%) not reduced after the second flash were in the 
state D + QAQ2o -- after the third flash. (v) Oxidized cytochrome c 2 
(present as a consequence of the reduction of D + ) caused the 
appearance of a slow phase (k < 0.2 s -1) in the charge recombina- 
tion kinetics amounting to 10-20% of the total amplitude. This may 
be caused by the bound oxidized cytoclirome, which could change 
the protein structure near D +. 

between D + and QB depends on whether the QB site is 
occupied by Q0 or  Qlo- This rate was measured spectro- 
scopically at 865 nm and used to differentiate between 
the two schemes. 

RCs [11] and cytochrome c 2 [12] were isolated from 
Rb. sphaeroides as described. The concentration of RCs 
was determined from the absorbance at 802 nm and the 
extinction coefficient e s°2= 288 mM -1- cm -1 [13] and 
of cytochrome c 2+ at 550 nm and 550 ~r~uced = 27.6 mM- 1 
• cm -1 [14]. RCs contained 1.92 _+ 0.04 Q10 per RC 
(determined from the average of a cytochrome photo- 
oxidation and a charge recombination assay [15]). RCs 
with 0.8 Qlo/RC were prepared as described [4]. For 
experiments with a Q10 pool, excess exogenous Qlo in 
10% (w/v) sodium deoxycholate was added to RCs 
(= 10 Q10/RC; after dilution, [sodium deoxycholate] 
--0.5%) followed by extensive dialysis against 10 mM 
Tris-HC1/0.025% (w/v) LDAO/0.1 mM EDTA (pH 
8). Charge recombination rates were measured spectro- 
scopically at 865 nm using a single-beam spectro- 
photometer of local design [9]. Their values (i.e., Eqns. 
3-6) were determined by averaging the results of 4-9 
experiments; errors represent the standard deviations of 
the means. 

Since the method illustrated in Eqn. 2 is based on the 
difference between k °bs and k °bs these two quantities Q0 Ql0' 
had to be determined first. The state D+QAQo was 
formed by a single laser flash in RCs with 0.8 Q10/RC 
(i.e,, Qlo only in the QA site) in the presence of a Q0 
pool ([Qo] = 100/~M). The absorbance changes at 865 
nm (due to charge separation and recombination) are 
shown in Fig. la. For comparison, the absorbance 
change in RCs that had Qxo in the QB site is also shown 
(Fig. la). As can be seen, there is a significant dif- 
ference between k °bs and k °bs Q0 Q10" 

To obtain the values of the recombination rates, the 
data of Fig. la  were replotted semilogarithmically with 
a slow phase (k _< 0.2 s -1 amounting to 10-20% sub- 
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Fig. 2. Charge recombination assay to determine whether QBH2 leaves the RC (see Eqns 2a, 2b). (a) Change in absorbance at 865 nm following 
three laser flashes in RCs starting with Q]0 in the QB site in the presence of two reduced cytochrome c 2 and either a Qo pool (upper trace) or a Qlo 
pool (lower trace). Spikes after flashes are due to fast ( < 20 ms) reduction of D + by cytoehrome c 2+ . Conditions: 5 mM Tris-HC1, 5 mM Pipes, 50 
mM KC1, 0.025% LDAO (pH 7.5) T= 23°C; Upper trace: 2.4/~M RCs (1.92+0.04 Q10/RC), 5/xM cytochrome c 2+ , 100/~M Q0; Lower trace: 
2.3 /~M RCs, 5 /~M cytochrome c22+ , 20 /tM Q10. (b) Sernilog plots of data in (a) with slow phases mounting to about 25% subtracted for 
simplicity. Dashed lines are fits to the majority phases of the kinetics which correspond to charge recombination between D ÷ and Q~. In lower 

k °bs (see Eqn. 3) proving that QloH2 left the RC and was replaced by Qo. trace, the rate (see Eqn. 5) corresponds to Qo 

tracted for simplicity (Fig. lb).  The slow phase was due 
mainly to the presence of oxidized cytochrome c 2, which 
was added to simulate the conditions of the charge 
recombination assay (see Eqns. 1, 2 and footnote *). 
The dashed lines in Fig. l b  represent straight hne fits to 
the majority phase of the kinetics, which were interpre- 

kObS ted as being due to the recombination rates Q0 
( D + Q A Q o  ~ DQAQ0 ) and  k °b~ (D+QAQ{0--* 

Q 1 0  

DQAQ10), respectively. Their values are: 

k °bs = 1.7 + 0.2 s-1 Qo ([Q0] = 100/xM) (3) 

k °bs = 0.84 5:0.04 s -1 
Q 1 0  

(4) 

These values are in agreement with those reported for 
k °bs [10] and k °bs Qo Q,o [9]. 

At short times the dashed lines deviate from the 
experimentally determined kinetics. This is attributed 
mainly to the charge recombination D+QA ~ DQA in 
the fraction of RCs that lacked QB (see footnote *). 

We now proceed to discuss whether scheme 2a or 2b 
holds. As discussed above, the RCs started with Ql0 in 
the QB site in the presence of a Q0 pool and 2 cyto- 
chrome c22+ per RC. The absorbance changes at 865 nm 
(due to the formation and reduction of D +) following 
three laser flashes are shown in Fig. 2a. After the first 
and second flashes the states DQAQo I and DQAQ10H2 
were formed. The cytochrome c 2+ reduced D + faster 
than the time constant of the apparatus (20 ms); conse- 
quently, only small absorbance changes were observed 
after the first two flashes (see Fig. 2a). After the second 
flash, most of the cytochrome had been oxidized (see 
footnote *). Following the third flash, charge sep- 
aration and recombination could be observed. 

The recombination kinetics with the slowest phases 
subtracted are shown in Fig. 2b. The slowest phases 
were due in part  to the approx. 15% admixture of the 

state D + QAQ2o and in part  to the effect of the oxidized 
cytochrome c 2 (see footnote *). The majority phase 
(see dashed straight line in Fig. 2b) is due to charge 
recombination between D + and Q~;  its rate is: 

kObS Q0 pool: k = l . 9 5 : 0 . 2 s  - 1 - -  Q0 ( [ Q 0 ] = 1 0 0 / ~ M ) -  

(5) 

This rate agrees within experimental error with k °bs (see Q0 
Eqn. 3),  proving that QBH2 is released from the RC as 
described in Eqn. 2a. 

The experiment was repeated with a Q10 pool (Fig. 
2). In this case, either scheme (2a or 2b) results in the 

k °bs The observed rate is: recombination rate 010" 

Q10 pool: k = 0.82 5:0.02 s -1 = k °bs Q,o' (6) 

in good agreement with the value given in Eqn. 4. 
In  Eqns. 1 and 2 we have assumed that neither the 

quinone Q10 nor the semiquinone Q ~  is displaced by 
Q0- This was checked by measuring the charge recom- 
bination kinetics after a single flash in RCs that started 
with Q~0 in the QB site in the presence of Qo pool 
([Qo] -- 100 #M). The charge recombination rate corre- 
sponded to k °bs showing that neither Q10 nor Q ~  was 

Q , o  ~ 

displaced by Q0- 
In summary, we have shown that the doubly charged 

Q2-  (most likely in the quinol form QBH2) is released 
from the RC and replaced with a quinone Q from the 
pool. This process is the final step in the photochemical 
cycle of the reaction center, i.e., it returns the RC to the 
starting state DQAQB. 

We thank Ed. Abresch for preparing the reaction 
centers and K. Giangiacomo and P.L. Dut ton for help- 
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Science Foundat ion (DMB 85-18922). 
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